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POROSITY SWELLING AND TRANSMUTATION CONTRIBUTIONS TO CONDUCTIVITY
CHANGES IN SOME NEUTRON-IRRADIATED COPPER ALLOYS

N. M. Frost and J. C. Kennedy

Material~ Science and Technology Div<sion

I.osAlnmos Nntic)nnl Lnholntory, 1,06ilamos, NM 8754S

Abstrnct

Fnst-n(!lltron Irradi{ltion (JI nlloys for fusion-renctor J3pp1.iCil-

tinns pro(l~iccshlllk cl~nnKcs iu Aon:iity and composition Viii porosity

sue] ling nnd trnnsmutntloll wl~lrl~ufl”ort tllcdr volume electrlcnl and

thermal condllctlvltlu::((1:11/()nnd K) . I:or tht! Cil mnturinls 01 our
1’

st(l(ly,Ilrlltronl“lII(,I:rs(’s 01” Y x 1(1:’ [’11/m7 (H > ().1 FleV) produc,’d N1 UINI

711 W1’ly,lll111(’ rll;lsl’!; [11 :11)011t (),[)!)illlll ().()9%, rt’~pr(!tlvt!ly,illld

p(lro!;itv!W’11111)~,01 ()-)%:l) .’1(’(’01”(1ill}:lv111(.r(*il!lc’(1{Ismuch as ltlZ.
4,

K(I il1!;() 11(, r(, l”m:lll, (l I Ill’ lll(l[\~lllll;ll1) (’1):111}:(’:; (Ili(! to I)ottl
1. . . .

!iwt’ I1[11}’, (111(1 I rilll::llllll ilt 1(111 v 1(1 !1!:41 01 .’111 ilplll. [?lll”[:lt(’ MI X{llf! I“U IL’ illld

(1I N:IIIIII(.:;::l.11’!;I:lw (IJ Illllll;l:; h illlv rl’!:l(lll:ll l,! 1(,1’[!; pr(~:{onl , I*.}:, ,

1)11;1,,(. {,1 1111(’1’ (1!:1 1111” 1111”,1 I I’llllll):l’!i. ]:111 ll~lll. III:If III liI l:; --- IW(I l~~lri$

(.{$pl)l’l’:111(1 lull ,; 11111111}”1- II i:;lllll”!illlll :;1 l“(lll}:[ 1111111’(1 (Al):;) ;Il ll)~!i ‘.

!;lll)t 1“;1(’1 11)11 01 I 111’’;1’ ,’,,, 1 :, I 10111 !1111 Il”l:llllilll’(l V;llll!’!i VI I” IIIPCI ill’
a,

lll’;ll. l\’ Vlllllll’{111111 1{.:ilu.t”l ~vl~ (~,lllfl,ll V,’llll,l:; , III (.t)l)frii:it , flit* IWII

lll’1.(. ll)lf.lt 1111) !:llt,ll)’l tll’111’11 (1’!:) .Illl!v!i !:1111111’11, M71(’ :11111 !AN7!II{(:, 11.1!!

1“111;11Ivl’lv 1:11 }Jl 111,1:;11 l\~l, 1 (,:;1(11111::, :Il)ll:ll”olll Iv 111(11 {’ilt Ill}! 1.1 11~1’t Ivl’

1 illllilI Iltll Illllllt’1’(1 1.111111111’1 Ivll Ill!i,
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~ntroduction

Recent magnetic fusion energy

compact reactor designs such as

(MFE) concepts have included rlore

the compact revereed-field pinch

reactor (CRFPR) bei~.g developed at Los Alamoa. Such designs entail

more intense first-wall loading by fast neutrons, heat, and ot.he.r

rndiation. And for MFl? rcnctors in general, thermal energy deposited

In the first w:II1 by eddy r~lrrelltsas WC1l ns radiation can lead to

CyCllC lllCCllilIllCal St I-rsscs vf,I tllcrma) gradients and thus to futig~lc

lailur~. Rexfstnncc to it is }Rmxlwhcri K and l/PQ are high, #fi good

Ileiit(.cIII(lIlcffoIInlinlmizcs t(*mpcrnrllrr ~r:dients, +IIId high electrical

(“~~llllllctlvlty mllllmiz(’sl“t’!~isl [vu hP:lrIll~!.

At I ir!;t’, 1, !,ll,..,. (,,, ([,, ~[ f~ [ t-y C(lppcr 111 IOys may not seem il S

:Iftr;lrtlvrI[lr !“ll”sl-willl IIliltfirl::l!; ils iIll(lYti with lliR1l-teml)er:ir[lrt’

!;1 1“(’ll}:th , IIOW1’V4’1- , ;III ;III!:I, I1(.(1 01 Illil},,ll(, t 1(- mwt al:; {11 tll(i ill 1V% rrduccs

III(*ilppl 11’(1:;(l’(’:;:;(’::(110 Il!:l}:llllt’ 11’ (I(m:lins) illl(! Iiystcresis Ile:ltlll}:.

‘111’ 1111,1., t’[llllplll 1,1’ !illlllll; l( fl)ll prll(ll(”f!h il p(t,lk (’opp (’l’ Iirst-wnl 1

ll’1lll)(!l”:!1111II 01 ()./,(,I [1,,11,1,1,111])11,.11111,.1 -(11’ 111.(, ‘1 n, 1(} ;Irl!;uIll (IRI:I’1{

(1(,!; Iy,li . ;’ ‘I’1: [!: l:: WI 111:11 1111’ lll!lll’ 11:11 :;1 l-1’11}:[11--t.{’rt”;l~I(lfi1lmit 01 (1. ‘I

,! Ai}tl, (“(11)1)1’1”,11IllV:: !:1tI’ll):t111’111’11hv ox 1(!11
Ill“

II[sprrs 1[~~1(11”

111,*1”11)11:11,.,;1),.110,’1,,Wl,ll. ‘1’ilklll}: !;i, /ll ii:; iI Il}:llr,,[)1 mollt (F(PI)
[,

Wlfll !: IIll,1111!:!1–1[’111111’1!’It Ill 1’ ~.’ I 1’ I .1 ~:1 ,.,.:; :m;’_3,

\,
t“llrll

;Illlll’illc,ll v:lllll~!h 1411 Ill{’ 1:11 .11

111:1},1111 11111’ I)l}!t!l,l I 11;,11 101

;11 lll\l !:. ‘--
1,

A Illilllll lIIIIII,I:i,i I}! IIIIT,

~ii III I’lt’rm II t I ‘Ill:lln)l”t Ill I’ll

1)1};11 t Illulll’f’ 1,1-II 111~11[I 011::

Itlv!,

‘1VI}!’

!:t Illlv

!1111I“f”il(l Iill{l(l

y :111 OT(II II (It

(Il. {)-./4 ‘1 I

will: [1111!1 II) !l,~c’ Illlw W(’II I !(’(’11”[(”/11
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measurement to look for non-microscopical evide.:ceof damage other

than from void @welling or deleterious transmutation product6.

Experimental Detaila

The el.ementai coppers used in this study were an oxygen-free

Iligh-conductivity (OFHC) type annmled after COICI rollinf!, phs ii

klgh-puritv (99.999%) MARZ copper initinlly in thu culd-roll(!d rnndi-

tlnn. ‘1’W(l1’scopper :Ill(lys,MZC and AMZIR(I (Ilotll AMAX), wrt-t’trstcd

in n 9(JZcold-rolled nnrl ilgl?d condition. AIHo, LWI> AI)S ropl]l’r iIlloy::,

Ai-20 aIId A1-(1()(SCM Metal) with alumfn:! conti!nr~iIIIO.? ;IIldO.(Iwr. Z,

worth [1”1%rold roll(~~l,ilIlll~:l.l(?d, cold rollud :11’:1111(l~!: /UZ). :Illd

r(’-ilnlir;llt~d. Fllrtlii r (lot~lllx,lr(~rcpor[(’(1 i’lsrwllI*rII. !l_ll

‘1’IILI mil..”rl:ll’: were rIIt l“rom Sllui’1’ ~:l{~ckilllll lrril[li:l[i’11iIf ‘1/’’) (’1:

ii!: “mdfl”llsr Irk” !;pt’rlmi~il:; 11:, rm x ‘~ II} I mm” Ill till’ I::illll l”lllll’ 111:11

lll”tht~lll)l- Rr:lclt)r (Itlllt- 11) ill I!llt’lll”i’li Ill ().4 :111(1 ~’.ll X 1[~””” 11/~1:’

(’lll”rll!:pllllll [11}: tll (Iilnlil}:l! ll’vt’ l!: II! “1 :111(1 I ‘1 (111,1 , (:1111[ 1111::\#(J1’1,

.llllll~; llt’tl I 1~1” 1111’ !;illll(s ll’lllll l’l-;lllll”(’ illlll (“1)11{”111111‘illlf t 111’1.111111(1i I il!ll:i,

I“tllll” .11111111 111~.;l::lll-l~lll(~llt :; ill (Il. (1 11~1.11’[(.,’!I l“1,!:1::1,111( ’1’ W1’11, 11111.’l!:lll”l,ll

,Il,l,,,f,slv ,,11 Ill,. “1[}:” !;IIIIWII Ill I [}:. 1. A 11111 ),,1”:1111111:11111, 1-111 11111[ 1:11111 ”1’1,

L’(llllllhl’l i~tl It) tllt~ t;l)l~l” iml~ll (’11(1:: pl”ldll(”ld VIII!il}’1”IIIlll)ll!O“ 1111,,1!:111 (*(I 11$’ :,

ll;llll~v[lllm{~l.f~rI)lil(”it{l :It’l”ltti!i fill” ‘klllllsl’tl}’,~” I’llllf.ll’l’:i “::1 Vp!:” ,11

.llllorv~ll imp I I rudi’fl:111(1 hl:ll, pl!l:ll 11 1(.!: Ill 1111’ !“III 1“1~111 I:;111111,11(’1,

llrt!,~liunmt’il mllllm[xv~l zrrII-1}1 11:1~1 :!11[1 11[111,1 I’1 1111:: Ill 1111’ \fli! I ,1):1!

l“I’JIII I 11}:11. Ihlrlhi’r drfilllfI ilrv1111’111(11’11I’I!II’WIII’ 111,” 1(1’:: l:if:llll l’!; Wlllll

i“tml)lllf~tl wl 1“11 rlmorlfi Ilr{’t It)llll l’Jilt’111:11 I’lt I rim 111’lltlll III:; mt’il:itlt.t”tl Vlil

;I[r 111111Imml’rf:follwolKIIIIlIII HporlmIIllfl II) dl’tl’lmllll~’ 11,,. AII :IIIiIlvIil::
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of variance was performed on data so that the statiatlcal significance

of small difference could be aaeeaaed to an overall 952 confidence

level for the ensemble of teats performed for the binary or multiple

comparison tests perfomed as well.

].1 goes
re

Results: Aa-Measured Propertie~

TnlJlc 1 prcHents the results for control (C), luw-fluence (1.),

and hi~h-flucncc (11) Rpl?chlrnf+. Typicnl standard errors for as-mea-

sured p’, nrc O.(N)() IiiZ-cm. ‘1’Ile fit,’ s nre crmvertcd to IACS conducclv-

itlL!H V1il ;I(lACS) = 17?.41/pc. Tlw mccs~lremcnc,. ngrcc well with

tilbulatu(!Vnluc+?, l?.~., 1.70 V!4. !.71 lli~-cmIor OFIICilnd 1.67 VS. 1.67

B[l-cm for FIARZ .”) ‘I”llcrm:ilc{)nductlvlky K wns cnlcul,lted via the

Smtth-1’;llmvrrrl:lt[i)n’’-’)wl)icllill(m[)rp(~riltr:itltc WIPdcmiInn-l;rnnz lnw

for tlli’ uluctrl}nltl roilfr{l>llt{oil illlll illl rl,lplrlrnltcrrn1)for the phonon

rontrlhlltl~)li(1)v (~,07’1W/rm-K) :i::slum~d ;l[llllf~ill)l(! Ilcrc to irrndlated

~1~ W(’I I ill; ‘1.(} 1(1’ (:11. ‘1’11(’ II”il[.t [(lllill (.lliiil~!(t~{ 111 K C([II; II [(l)/K)-l]

t Imcs tllilnt~ Illr 1) . N(1 111’1 !1111”1’ pdttl’1”11 Ill 1) VII. 1“11’:’nl’rIf;Cv Idcllt,
In (’

hut thr rr~!ull:i ltII”,)11,,/11,,v:;, I IIIIII1(SII svpiIt-:ItLI intu thrv(, dl::tfrwl

}:Im{IIIp};:l’IIrtI,Al~!;,NIIIIl’:;I.~~pp{II”,willl till’}:rriitr}l! ( llilll~! l-’:; (~crtirrfnj!

1111’ [Ill’ 111-111 . V,l! N?.(: f;llllwt’d il 111’,”rl’il!l(” Ill (I -- Fimilll but
(~

!41}!IIII[1’:111[.
II{*I
,::Ill,rt

AIIIII 1(’il[ 1(111 III till’ ::l’1ll(’llt --NI’’dlll:llKl lllll 11: !:t”;lr [::1 1(./11

l),,% I11(11(’:lrc’11 f 11:11 :111 I 1111’lll’I’ - I“(’ 1/1[ 1’[1 11 [ I I 1~1”1~111.(tf:

Illilt (’1. I il I!ikJtOl.lt:il)\IIll 111:1111 rYItI*pI 1111” (: v}i.--l,lIIrMZI:.
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Reeulta: Poro~ity and Transmutation Contributions

The aa-meaaured values of p for irradiated copper can be
e

recalculated to remove effects due to poroalty awelllnf, and

transmutation products.

corrected valuea and

‘reatduea’ possibly due

First considered

material assumed to be

only two, homogeneous

The differences between the resulting doubly

the correspondiflg control value? yield P
e

to some other mechanism(a).

la n correction for porosity swelling of

initially fully dense (Ft)). For simplicity,

phaaes are considered: TIIP Fl) copper nnd

I.ntersperscd non-conducting pores. Pore dimcnHionn ~rc assllmcd lnrgcr

thnn the clcctrnn mean free path A so thnt the rcsit:tance i.ncrcmrnt

duc to r]cctron scnttcriug is independent of pi}r~! sixc undc r

conditions of f[xcd total poroRity of volume ftilrtl(}ll v. (A”’3tl(lti lnr

p~lrc Cu nr 300 K. 10) ‘1’hcn un approprtntc mlx~n~l ru.l(! (due t,! Mnxwvll)

I[lr (1,, Is:

p ‘ r, [(l + ‘:v)/(l-v)l(p,)F,)
(’

(1)
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neither the deneity change (- 0.0S g/cm3) nor the difference

Pen-(Pe)m (9.01 @-cm) for A1-20 was significant.
,ble2
leshere Estimated also were the increases in p due to the principal

e

transmutation r.lememte expected, Ni and Zn.12 Chemical analysia of

both C and H specimens indicated Ni and Zn Increaaea of 0.053 and

0.087 wt.%, respectively. These small amounts arc assumed LO be

dissolved ITIthe C(Iso that the concentration rates, ~, of increase of

Pe in CU-N1 and Cu-Zr. hinnry alloys could bc u:~ed in accordance with

Nordheim’s rIIlc; they nre 1.25 and 0.3;? llU-cm/nt.%, respectively.13

Tn nther words, the t~mpernturc-il~(lt!l]clltl(!l~timpurity-sensitive term in

Mattl~icsBen’s expression fnr p(,~s t:lkcl~to he lincnr in concentration

nnd additive wiLh impurity typu in ‘dilur~!’ill.loy}i. The co~respondirtg

l~xp(~r L-(11! ilI I)(! W:l S CillCllliltE!d and

. -).ilk, /,, SL,l’ ‘1’illlll~ 2 for pc without

Pl”lul.l K, I,L’., I-01” Llle sum 01 the
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For MZC and NCZIRC the reeidues are much greater. A phenomenon

not soley related to swelling, transmutation, or thermal annealing may

produce a small decrease in Pe of both theme—.— alloys. Such

‘radiation-induced conductivitiesf were reported decades ago on Cu

alloyed with aluminum16 and zinc.17 A saturating, diffugion-

controlled Eolid-state reaction mechanism was invoked for the Pe

decrea8es, an enhanced diffusion supposedly resulting from extra

defects produced during sample preparation.16 An alternative and

opposing view applied to a-brass is that changes in short-rang order

govern the Pe decreases.17 In either case, the neutron~ may clist[lrl~

both the rate and the finnl state to which non-equilibrium alloy:;

relax. 6

DiHcus~i.olinnd Conclusions——.. ——

The fast-neutron Irrndintion study of Cu closest In charilctur to

mur~ wiIs dnilc on (;II nlloy~ in the MC)TA Fast Flux ‘1’ustRcnctor (FII’TIJ)

l.) il I IIII?IIC(’ 01 2.5X 1026 P/m2 at 450°C nnd a dama~c IPvrl 01

If)dp:l.1II Ttlf? IIllc IIKltl?ri;lltl10bnmc ill l>Otll 9tUCljCFJ Wnfi tll(s ilIIIIL1ill~icl

1)9.()()1)% purr coppor (MARZ): Tllc as-mrnsllred p ‘R arL’ nearly ldL}lltlCill
c

Ill Ilol’llm Ilowuvrrp for tllL’ only ‘coimmmr alloys MZC nnd AI-25, rhit

I:IIIIst:IIItlnl dll.leronru!. 111 detili]~ on cold-workin!{r ;I}~iII}\,HI IIly~SI\III-

poxlt-illll, illl(l I rr:i~Ilnt !011 I[mlp(!rtlturrIlindcr mvallin~;[”lllf![)lllllil l-l!lllll:i.

Ill plvl.t’lrlll:lr, tlIL~ h’r’’~r’ irrtl(ll/ltc(l-vHm-c(Jntr[~ldlfl”rrr:IrI!:I111 0 ,, ill

IIr IIIC]I I [~ (’tlllt’llfll }ip{. r !Illl’1l-:llllll’ {11 1[1}: alF1 WLII I
:1 II l. llll!llr(’-l l’l:ltl~ll

II I t“l C* I.011(’I’H , {I!; I:lIu control 1) ‘IIwrrc Ippurcnnly mrn~urod ~111:11 lIIyI; III
lb

nll ‘:lll--I.!’I.(l IVC’(I’ rt)ll[llt 1o11.
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The initiation of damage resulting from EBR-11 is much less than

expected from the 14 MeV neutron flux of a fusion reactor. For

example, a 16 dpa/yr peak would result in Cu for 1 MW-yr/m2 of 14 MeV

neutrons; a full power year at the first-wall in CRFPR would yield

318 dpa.lg The actual damage depend~ on the self-healing response of

the alloy. Thus, stability of pe under radiation streaa is In

practice more important than

the average atomic weights,

would differ; e.g., our wt.%

the initial ‘cold’ value of P=. Further,

mix, and yield of tranfimuted Ni and Zn

ratio of Zn to Ni is 1.6 but for CRFPR is

0.56.1 Also, 1 MV-yr/m2 of 14 MeV neutrons increase p by 0.35 pf~-cm
e

(assuming atomic dispersal of the Ni and Zn) ,1,13 in contrast to the

0.10 llSZ-cmof our study.

Pctential for pe characterization of microstructure exists in the

sensitivity of electron wattering to iiCOITliC and spin distrflmtious 111

metnl~, and thug to clustering, kineticn of short- nml lon~-ran~c

ordcrinR, ,nnd phase separation. 20

tn cst~mntc porosity effects on pc

Wltll UPC > 0 for tllc ~pheres)p

Also, the Maxwell mmlcl used ht!rc

can, in it~ full cxprel;sion (i.(!.,

be applied to L]lC p r(!s lduc to
1!
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mtatlatical sample eize. The mtandard deviation associated with the

reeidues were typically an order of magnitude larger than for the

as-measured Peoe because uf multiple propagation of errors resulting

from uae of density da;a

Good performance of

in Eq. (l).

Pe and K per se satiaifies only partially the

total operating requirement of a firs~-wall alloy, as indicated by our

refer.mce to the FOM S /p for both
ye

mechanical and physical

properties. hhen this is done it is the ADS rather than PS irradiated

alloys that offer the more promise as engineering solutions to the

first-wsll problem.6,22 In general, an objective basia for materials

selection has bgen lacking in

been sy~tematically applied to
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Table 1.

Copper
Material

OFHC

MAnz

..—

AI-X)l

A1-fiO1

. . . . -.

Ylz(:

, ‘yl~(:

Conductiv.”tiesfor copper alloye Irradiated to two fluencee
by fast neutrons

Neutron
Fiuence

c
1.
H

c
1.
Ii

c
1.
II

c
1,
1[

Electrical Properties Thermal
As Measured dp /pe Conductivity

u(IACS) (%) ph(vfi-cm)(%? (W/K-cm)-.

101 1.70 0.0 4.2
95 1.82 6.9 3.9
87 1.98 16.6 3.6

103 1.07 0.0 4.3
97 1.78 6.7 4.0
117 1.9? ]e.4 3.6

94 1.84 0.0 3.9
90 1.91 3.9 3.7
88 1.95 6.1 3.7

87 1.99 0,() 3.6
N] 2.(MI 4.3 3.4
HI 2.13 7.1 3.4

(: HI) ]mg~ 0.0
Ii H[J I .94 (), (}

II (J:! l./lH -2,1,

[’ q j 1.77 0,()
1, 1)(, I , H() 1.7
II q:) 1.H7 ‘).2

I
Wltll :1 Iltlmlllill ‘)% (. II II I(IIII}! (If OI’’11(: (:11 (Ill l’/l( ’11 Xld l’.

3.7
3s7
3.H
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Table 2. Raaiativitiee corrected for porosity ewellin8 and tranamtation
producte

Copper
Material

OFHC

MARZ

—. —-

A1-XI

AI-6(’I

—. ,. . .. . .

MM:

AMZ

. ..

K(:

-.,

Neutron
Fluence

c
H

(#
II

c
II

c
II

(:

II

(!

II

Deneit y

m

8.fi7
8.29

8.88
8.27

8.76
13.71

R.77
8.68

H.W
8.88

H.92
H.fw

DC Volume Reaiati~ity (Mfi-ca)
G Corr. for Increaaes Due-
Measured Porosity + Tranern~...—

1.70
1.98

1.67
1.98

1.84
1.95

1.99
7.]3

1.93
1.80

0.00
1.78

().00
1.77

().00
1.94

0.00
2.10

0.00
l.fltl

i;. Gil
I.70

().00
1.68

().()0
1.67

0. ()()
[.8[,

0.00
2. ()()

(). 00
1.7H

0.00
I .(16

Reeidue

0.00
- 0.02

0.00
0.00

0.00
(.).00

0.00
+ 0,01

0.00
- ().:4

(?.O()
-f).11

..-


